PTEN is mutated at high frequency in many primary human cancers and several familial cancer predisposition disorders. Activation of AKT is a common event in tumors in which the PTEN gene has been inactivated. We previously showed that deletion of the murine Pten gene in embryonic stem (ES) cells led to increased phosphatidylinositol triphosphate (PIP 3 ) accumulation, enhanced entry into S phase, and better cell survival. Since PIP 3 controls multiple signaling molecules, it was not clear to what degree the observed phenotypes were due to deregulated AKT activity. In this study, we mutated Akt-1 in Pten ؊/؊ ES cells to directly assess the role of AKT-1 in PTEN-controlled cellular processes, such as cell proliferation, cell survival, and tumorigenesis in nude mice. We showed that AKT-1 is one of the major downstream effectors of PTEN in ES cells and that activation of AKT-1 is required for both the cell survival and cell proliferation phenotypes observed in Pten 
The PTEN (phosphatase and tensin homologue deleted on chromosome 10) tumor suppressor gene is the first phosphatase identified as being frequently mutated or deleted somatically in various human cancers (22, 23, 39) . One of the primary targets of PTEN is lipid phosphatidylinositol triphosphate (PIP 3 ), a direct product of phosphatidylinositol (PI) 3-kinase (27, 40) . Loss of PTEN function, either in murine embryonic stem (ES) cells or in human cancer cell lines, results in accumulation of PIP 3 and activation of its downstream effectors, such as AKT/protein kinase B (15, 36) and Rac-1/Cdc42 (24) . Activation of AKT stimulates cell cycle progression by downregulation of p27, a major inhibitor for G 1 cyclin-dependent kinases (36) . Activated AKT/protein kinase B is also a wellcharacterized survival factor in vitro and prevents cells from undergoing apoptosis by inhibiting the proapoptotic factors BAD (12, 36) and caspase 9 (8) as well as the nuclear translocation of Forkhead transcription factors (20, 38) .
The cellular proto-oncogene c-Akt was first identified as a homologue of the viral oncogene v-akt, which is capable of transforming mink lung cells (CCL64) in culture and causing T-cell lymphomas when injected into newborn mice (34, 35) . The Akt gene encodes a serine/threonine protein kinase that is an essential downstream target of PI 3-kinase and propagates the cell survival signals of growth factors (14) . It also exerts its function in glucose metabolism and other cellular processes. Amplification of the AKT gene or increase of its expression was shown previously to be associated with a number of malignant diseases, including adenocarcinomas of the breast, prostate, and intestines (9, 29, 34) . Frequent chromosomal alterations in the AKT region have also been observed in patients with lymphomas and leukemia (5) . In addition, activation of AKT was observed in many primary human tumor samples or cell lines carrying PTEN mutations and in cancers developed in Pten ϩ/Ϫ mice (16, 37) . Therefore, up-regulation of AKT appears to be a common event in cancers, especially in PTEN-controlled tumorigenesis.
AKT activity is largely regulated at the posttranslational level and is dependent on its pleckstrin homology (PH) domain (4) . Binding of the lipid second-messenger PIP 3 to the PH domain results in translocation of the AKT molecule to the vicinity of the membrane and its subsequent phosphorylation by the PIP 3 -dependent protein kinases, PDK1 and PDK2 (3) . Phosphorylation of AKT is required for its function. Thus, AKT activity is positively regulated by PI 3-kinase, which phosphorylates PIP 2 to produce PIP 3 (15) . On the other hand, PTEN exerts its function by dephosphorylating PIP 3 at position 3, negatively regulating AKT activity (27) . To date, three mammalian Akt genes have been identified, Akt-1, Akt-2, and Akt-3, or PKB␣, PKB␤, and PKB␥ (10) . The three Akt genes share high homology in both the nucleic acid and peptide sequences. Akt-1 is ubiquitously expressed in every tissue, and Akt-2 expression is high in the skeletal muscles, the ␤-islet cells of the pancreas, and the brown fat, while the expression of Akt-3 is more restricted, to the heart and placenta, with low expression in a limited number of other tissues (2, 28) .
To investigate the molecular basis for the tumor suppressor function of PTEN, we previously deleted the murine Pten gene in ES cells (36) . We demonstrated that PTEN acts as a nega-tive regulator for the PI 3-kinase/AKT signaling pathway, which controls and coordinates two major cellular processes, cell cycle progression and cell death. In this study, we further delineated the PTEN-regulated pathways by deleting one of the Akt genes, Akt-1, from Pten-null ES cells. Through this genetic approach, we demonstrated that AKT-1 up-regulation is essential for the tumorigenic phenotype observed for Ptennull ES cells.
MATERIALS AND METHODS

Generation of Pten
؊/؊ ;Akt ؊/؊ ES cell lines. Genomic DNA clones corresponding to the Akt-1 locus were isolated from an isogenic 129(J1) genomic library. The targeting vector contains the PGKpuropA cassette flanked by an 8.0-kb NotI-BamHI fragment (5Ј arm) and a 2.1-kb XhoI fragment (3Ј arm) in the backbone of pBluescript vector. Linearized targeting plasmid (50 g) was electroporated into 2 ϫ 10 7 Pten-null ES cells. After 3 days of puromycin selection (1.5 g/ml), drug-resistant ES clones were isolated and expanded. Genomic DNAs were prepared for Southern blot analysis with an external probe. Recombinant clones were further confirmed with an internal probe and a 5Ј-arm probe. To obtain ES clones homozygous for the Akt-1 deletion, heterozygous ES clones were subjected to a higher-level puromycin selection (70 g/ml) for 3 days. At the end of selection, new feeder layers were replated and the puromycin concentration was reduced to 4 g/ml to allow surviving ES clones to recover. The optimal concentration and the time course of puromycin selection were predetermined experimentally to allow efficient killing. Homozygous deletion was confirmed by Southern blot analysis as well as Western blot analysis.
Cells and tissue culture. ES cells were cultured on irradiated fibroblast feeder layers as described previously (36) . Briefly, feeder cells were plated 1 day prior to the seeding of ES cells. ES cells were cultured in knockout Dulbecco modified Eagle medium (Gibco BRL) containing 15% fetal calf serum supplemented with nonessential amino acids, glutamic acids (100 mM), leukemia inhibitory factor (1,000 U/ml), and ␤-mercaptoethanol. All cell lines were cultured under this growth condition.
For biochemical analysis, ES cells were passaged twice without feeder cells at a density of 10 7 cells/10-cm-diameter plate. Two days later, these cultures were further passaged at a one-to-three without feeders to minimize feeder contamination and continuously cultured for 9 to 10 h, at which point cells were either treated with Colcemid (Sigma) for cell cycle studies or lysed for Western blot analysis. For insulin-like growth factor 1 (IGF-1) and serum stimulation, cells were washed and split continuously cultured in serum-free medium (in the presence of leukemia inhibitory factor) for 16 h and then stimulated with a final concentration of 1 g of IGF-1 (a generous gift from Amgen)/ml or 15% serum for 10 or 30 min before protein analysis.
For cell cycle analysis, ES cells were preshaken, washed, and then treated with Colcemid (0.06 g/ml) for 4 h as described previously (33, 36) . After mitotic shake-off, ES cells were cultured under normal growth conditions without feeders to allow reentry into the cell cycle. Cells were collected at each time point, and cell cycle profiles were studied by fluorescence-activated cell sorting (FACS) analysis. Briefly, cells were trypsinized, washed two times with cold phosphatebuffered saline (PBS), and then permeabilized overnight with 50% ethyl alcohol in PBS. ES cells were then washed with PBS, and DNA was stained with propidium iodine (40 g/ml) in PBS containing RNase A (100 g/ml) for 30 min at 37°C. The cells were then stored at 4°C and later analyzed by FACS.
Growth of ES cells under reduced-serum conditions. ES cells (5 ϫ 10 4 cells/ well) were plated on top of feeder layers in 24-well tissue culture plates with medium containing 15% serum. One day later, cells were washed and changed to serially reduced serum conditions. Medium was changed daily, and cell numbers were counted 4 days after the initiation of serum starvation. For caspase inhibitor treatment, 4 M caspase inhibitor cocktail (set III in dimethyl sulfoxide; Calbiochem) was added to ES cell cultures 1 day after serum starvation, and cell numbers were counted 4 days after the initiation of serum starvation. As a control, ES cells were treated with carrier dimethyl sulfoxide for the same period of time.
Growth competition assay. Antibodies and Western blot analysis. Cell lysate preparation and Western blot analysis were carried out as described previously (36) . Antibody to the AKT-1 PH domain was purchased from Upstate Biotechnology. Three additional antibodies to the AKT C-terminal peptide were purchased from Upstate Biotechnology, Cell Signaling, and Santa Cruz Biotechnology. Antibodies specific for ERK, p27 KIP1 (sc-528), cyclin D1 (R-124), p21 CIP1/WAF1 (sc-397), cyclin A, and mouse cyclin E (sc-481) were obtained from Santa Cruz Biotechnology. Antibodies for PTEN and phosphospecific antibodies for AKT, FKHR/ FKHRL1, BAD, S6 ribosomal protein, and GSK-3␣/␤ were from Cell Signaling. Antibodies for actin and vinculin were provided by Sigma.
Statistical analysis. Analysis of variance was applied to all data subjected to statistical analysis, and Fisher's least significant difference test was used to determine the statistical differences among the groups. The paired Student t test was used on teratoma data to determine the differences between different groups. A P value of Յ0.05 was considered statistically significant.
RESULTS
Targeted deletion of Akt-1 via homologous recombination in WT and Pten-null ES cells. To delete the Akt-1 gene, a targeting vector was constructed to delete the entire PH domain of the AKT-1 molecule (Fig. 1A) . Since AKT membrane recruitment and subsequent activation depend on its PH domain, this construct will result in inactivation of AKT-1. The knockout construct carries a puromycin-selective cassette so that Akt-1 targeting events can be selected when introduced into neomycin-resistant Pten Ϫ/Ϫ ES cells. Three out of 400 Puro r colonies were identified as homologous recombinants by Southern analyses, and homozygous clones were later obtained by culturing heterozygous ES cells in a higher concentration of puromycin. Using this strategy, we obtained clones carrying the following genotypes: WT, Pten Ϫ/Ϫ , Akt ϩ/Ϫ ;Pten Ϫ/Ϫ , and Akt Ϫ/Ϫ ;Pten Ϫ/Ϫ . All clones were genotyped by Southern blot analysis and confirmed by Western blot analysis using antibodies for PTEN and AKT-1 PH domain ( Fig. 1B and C) . Furthermore, no proteins could be detected by using three independent antibodies to the C-terminal domains of the AKT-1 molecule, suggesting that no stable truncated protein could be produced from the targeted alleles (Fig. 1C) . Two independent Pten Ϫ/Ϫ clones and three independent Pten Ϫ/Ϫ ;Akt Ϫ/Ϫ clones were used for further analysis.
As Akt-2 and Akt-3 may still compensate for the loss of Akt-1, we checked overall AKT activity with a phosphospecific antibody which can recognize all three phosphorylated forms of AKT. Our results indicated that, by deleting Akt-1 plus Pten (Fig. 1D , lanes 5 to 7), we were able to bring up-regulated AKT activity in Pten Ϫ/Ϫ cells (Fig. 1D , lanes 2 and 3) back to near-WT levels (Fig. 1D , lanes 5 to 7 versus lane 1). We also evaluated mitogen-activated protein kinase (Fig. 1D) and Jun kinase and ␤-catenin (data not shown) activities and were not able to find significant and consistent differences among different genotypes. On the other hand, as a direct consequence of changes in AKT activity, the phosphorylation status of GSK-3␣ and -3␤, two of the substrates of AKT serine/threonine kinases, was affected in parallel, i.e., high in Pten Ϫ/Ϫ cells ( deletion also appeared to diminish the enzymatic activity of p70S6 kinase as measured by the phosphorylation status of its product, S6 ribosomal protein (Fig. 1D) (Fig. 1D, lanes 5  to 7) . Thus, AKT-1 seems to play an important role in GSK-3␣ Ser21 and GSK-3␤ Ser9 phosphorylation as well as in the activation of a further downstream target, p70S6 kinase in the ES cells, suggesting that AKT-1 may be essential, among the three AKT members, in controlling the PI 3-kinase/AKT axis in ES cells.
We then analyzed whether AKT and GSK-3 kinases could be further activated by growth factor stimulation in the absence of AKT-1. As shown in Fig. 1E , the effects of serum on AKT phosphorylation were significantly less than those of IGF-1 in all cell lines. AKT was hyperphosphorylated in Pten Ϫ/Ϫ cells, even under serum starvation conditions (0Ј), which could be further induced by IGF-1 (lanes 3 and 4) or serum stimulation (lanes 4 and 5). WT cells did respond to IGF-1 stimulation and to a lesser extent to serum treatment (Fig. 1E, top panel) . Pten Ϫ/Ϫ ;Akt Ϫ/Ϫ cells were almost unresponsive to serum treatment, and the remaining phosphorylation observed after IGF-1 stimulation could be due to AKT-2 and AKT-3. Similarly, IGF-1 and serum stimulation induced hyperphosphorylation of GSK-3␣/␤ in Pten Ϫ/Ϫ cells but had less effect on WT cells and almost no effect on Pten Ϫ/Ϫ ;Akt cultures than for WT cell cultures when serum concentrations were reduced to less than 3.8% (Fig. 2B) . In order to determine whether the observed cell death was due to apoptosis, we treated the different ES cell lines with a cocktail of caspase inhibitors in the absence of serum. As shown in Fig. 2C , such treatment led to increased cell survival of WT and Pten Ϫ/Ϫ ;Akt Ϫ/Ϫ cells to levels similar to those for Pten Ϫ/Ϫ cells. The cell survival phenotype prompted us to study three of the downstream targets of AKT, BAD and two Forkhead transcriptional factors, FKHR and FKHRL1, which were known to regulate apoptosis through different mechanisms. FKHRL1 and FKHR phosphorylation were up-regulated in Pten Ϫ/Ϫ cells but reduced in Pten Ϫ/Ϫ ;Akt Ϫ/Ϫ ES cells (Fig. 2D) . Similarly, phosphorylation of BAD was returned to the WT level by deleting Akt-1 as well as Pten (Fig. 2D) , suggesting that AKT-1 plays a major role in the PI 3-kinase-mediated cell survival pathway. In addition, IGF-1-and serum-induced FKHRL1 and FKHR phosphorylation was diminished in the Akt-1-deletion cell lines compared to that in WT and Pten Ϫ/Ϫ cells (Fig. 2E) . Interestingly, IGF-1 and serum had similar effects on FKHR phosphorylation, which is quite different from their effects on AKT phosphorylation (Fig. 1E) , suggesting that FKHR phosphorylation can be regulated by both AKT-dependent and AKT-independent pathways.
Akt-1 deletion reverses the cell growth phenotype of Ptennull ES cells. In addition to cell survival, we also noticed differences in cell growth. The growth rate of Pten Ϫ/Ϫ ;Akt Ϫ/Ϫ cells appeared to be lower than that of WT and Pten Ϫ/Ϫ ES cells (Fig. 3A) . In order to determine changes in the growth properties of Pten Ϫ/Ϫ ;Akt Ϫ/Ϫ cells, we cocultivated Pten Ϫ/Ϫ ; Akt Ϫ/Ϫ cells with equal numbers of either WT or Pten Ϫ/Ϫ ES cells. As shown in Fig. 3B , middle panel, Pten Ϫ/Ϫ ;Akt Ϫ/Ϫ cells grew slower than did the WT cells, and upon passage 4, most of the culture was taken over by the WT cells (as judged by the ratio of WT band to mutant band). This is even more apparent when Pten Ϫ/Ϫ ;Akt Ϫ/Ϫ cells were cocultured with Pten Ϫ/Ϫ cells (Fig. 3B, right panel) . The ratio of WT band to mutant band increased significantly on passage 2, and Pten Ϫ/Ϫ cells became the dominant cell type in the cocultures between passages 2 and 3. Thus, deletion of Akt-1 not only reverses the growth advantage seen in Pten Ϫ/Ϫ cells but further decreases the cell proliferation rate to a level lower than that of the WT cells.
As a result of Akt-1 deletion, the levels of several cyclins and G 1 /S cell cycle inhibitors were altered. As reported in a previous paper (36) , the level of p27 is down-regulated in Pten Ϫ/Ϫ cells but returned to near-WT level in Pten Ϫ/Ϫ ;Akt Ϫ/Ϫ cells (Fig. 3C, top panel) . Cyclin A levels were changed inversely (Fig. 3C, middle panel) . Levels of cyclin A were elevated in Pten Ϫ/Ϫ cells and yet decreased when Akt was deleted in addition to Pten. The cyclin D1 level, on the other hand, was not affected by deleting Pten or Akt-1 (Fig. 3C, top two panels) . Cyclin E levels were similar between Pten Ϫ/Ϫ and WT cells, and yet Akt-1 deletion resulted in a diminished cyclin E protein The same blots were also blotted with actin as controls (lower panels). level (Fig. 3C, bottom lane) . Levels of other cell cycle inhibitors were either not detectable (p15 and p21) or not changed (p16).
Akt-1 deletion delays M-phase exit in Pten ؊/؊ ;Akt ؊/؊ ES cells. Overexpression of Drosophila melanogaster PTEN (dPTEN) inhibits cell cycle progression at mitosis and promotes cell death during eye development (17) . Overexpression of PTEN in mammalian cells, on the other hand, induces G 1 /S cell cycle arrest and cell death (21) . Our previous studies also suggested that deletion of Pten in the ES cells leads to an accelerated G 1 /S cell cycle transition (36) . To address the possible role of PTEN and PI 3-kinase/AKT in other phases of the cell cycle, we tested the rates of exit of ES cells from mitotic block. ES cells with different genotypes were treated with the M-phase blocker Colcemid, and synchronized mitotic cells were collected after mitotic shake-off (36) . Cells were then cultured in Colcemid-free fresh medium, and their cell cycle status was analyzed by FACS 2 and 3 h after the release, corresponding to the beginning of S phase in ES cells (36) . Approximately 45 and 38% of cells remained in M phase at 2 and 3 h, respectively, when WT ES cells were released following mitotic arrest (Fig. 3D, open bars) . In contrast, Pten 
Akt-1 deletion partially reverses the tumorigenesis phenotype of Pten-null ES cells.
To validate the functional significance of our findings, we injected the Pten Ϫ/Ϫ ;Akt Ϫ/Ϫ ES clones into nude mice to directly assess their in vivo tumorigenic potential. ES cells are known to produce benign, usually well-differentiated teratomas in this setting. However, teratomas generated from Pten Ϫ/Ϫ cells were highly proliferative, less differentiated, and well vascularized (Fig. 4D, middle panel) . In contrast, deletion of Akt-1 as well as Pten significantly delayed the onset, as well as decreased the aggressive growth rate, of Pten Ϫ/Ϫ teratomas ( Fig. 4B and C) . The Pten Ϫ/Ϫ ; Akt Ϫ/Ϫ tumors were also significantly smaller than the Pten Ϫ/Ϫ tumors (Fig. 4C ). Histological analysis indicated that Pten Ϫ/Ϫ ; Akt Ϫ/Ϫ tumors were more differentiated and less vascularized than Pten Ϫ/Ϫ tumors, similar to tumors generated by WT ES cells (Fig. 4D, left and right panels) . Thus, deletion of Akt-1 can partially reverse the tumorigenic phenotype of Pten 
DISCUSSION
This study focuses on the PTEN/AKT pathway, which selectively targets the serine/threonine protein kinase AKT-1. Using a genetic approach, we studied the function of AKT-1 in an isogenic system. We showed that AKT-1 is the main downstream effector of PTEN and is required for both the cell survival and cell proliferation phenotype observed for the Ptenknockout ES cells.
Two interesting observations were made during our initial study of Pten Ϫ/Ϫ ES cells (36) . First, the Pten Ϫ/Ϫ cells were more resistant to serum starvation-induced cell death than were the WT cells. Second, the Pten Ϫ/Ϫ ES cells had shorter doubling times and earlier S-phase entry than the WT cells, accompanied by up-regulation of AKT and down-regulation of G 1 cell cycle inhibitor p27. In this study, we demonstrated that deleting Akt-1 alters both the cell survival and growth advantage of Pten Ϫ/Ϫ cells and that AKT-1 modulates the levels of proapoptotic factor BAD, transcriptional factor FHKR, and cell cycle inhibitor p27, as well as cyclins A and E.
Previous in vitro studies indicated that AKT activation might play an essential role in tumorigenesis, especially in PTEN mutation-associated tumor formation. However, most of these studies were conducted with human tumor cell lines which may carry other mutations or abnormalities (1, 6, 18, 26, 32) . Using a genetic approach, we generated isogenic cell lines so that the function of AKT in PTEN-controlled signaling pathways and tumorigenesis could be directly assessed. Our data indicated that AKT plays a significant role in regulating PTEN-mediated cell growth and cell survival. First, we demonstrated that deleting Akt-1 reversed the cell survival phenotype in Pten Ϫ/Ϫ cells. Furthermore, deleting both alleles of Akt-1 appeared to have additional effects, and mutated cells were more sensitive to serum starvation-induced cell death than were the WT cells. Second, we showed that the Akt-1 knockout was able to reverse the growth advantage of Pten Ϫ/Ϫ cells. Not only did the Pten Ϫ/Ϫ ; Akt Ϫ/Ϫ clones lose the ability to compete with Pten Ϫ/Ϫ cells, but they also failed to compete with the WT cells in growth competition assays, though to a lesser extent. This could be due to the presence of AKT-1 in the WT cells, which could respond to growth factor stimulation. The fact that overall AKT phosphorylation in response to IGF-1 or serum treatment is significantly diminished in the Pten Ϫ/Ϫ ;Akt Ϫ/Ϫ cells, compared to that in WT cells, supported this idea. Therefore, the cell survival and cell proliferation signals are propagated more properly in the WT cells than in the Pten Ϫ/Ϫ ;Akt Ϫ/Ϫ cells. It is also possible that pathways other than PI 3-kinase-dependent signals may also regulate AKT and be responsible for the additional effects seen with double-knockout cells.
Evidence from in vivo teratoma formation supported the in vitro data. ES cells can produce benign teratomas in nude mice regardless of Pten deletion. However, the onset as well as the progression of tumor formation is much earlier and more aggressive in Pten-null teratomas than in WT teratomas. By deleting Akt-1, we were able not only to reduce the size of Pten Ϫ/Ϫ teratomas but also to delay the onset of tumor formation. However, unlike the in vitro cell survival and cell growth experiments, deletion of Akt-1 as well as Pten did not completely reverse the aggressive growth phenotype of Pten Even though our data suggested that AKT-1 is crucial for cell survival and cell growth in ES cells, it is not surprising that the growth of the teratoma could escape the control of AKT-1, e.g., by being compensated for by AKT-2 and AKT-3 since the three AKTs were differentially regulated in different cell types (30) . Together, the in vitro and in vivo characteristics of Pten Ϫ/Ϫ ; Akt Ϫ/Ϫ ES clones strongly implied that AKT-1 is the main downstream effector of PTEN, although other targets may also play roles in PTEN-mediated tumorigenesis.
We demonstrated that overall phosphorylation of AKT appeared to be diminished to the WT level when Akt-1 is deleted, suggesting that possible compensation by Akt-2 and Akt-3 is minimal and is responsible only for baseline AKT phosphorylation when PTEN is intact in ES cells. This was further confirmed with treatment with IGF-1 and serum, which failed to induce an overall AKT phosphorylation in Pten Ϫ/Ϫ ;Akt Ϫ/Ϫ cells similar to that in the WT or Pten Ϫ/Ϫ cells. This is not surprising, since the different AKTs are differentially activated by growth factors in a cell-type-dependent manner (30) . The diminished phosphorylation of GSK-3 and S6R in the Akt-1-deletion cells further implicated AKT-1 as a general regulator for the PI 3-kinase pathway and a primary target of PTEN regulation.
Activation of AKT leads to the phosphorylation of several downstream targets. One of the unequivocal consequences of deleting Akt-1 is diminished phosphorylation of GSK-3␣/␤, which by itself may play a significant role in cell growth as well as other cellular processes (19) . We demonstrated in this paper that deleting Akt-1 resulted in significantly diminished phosphorylation levels of GSK-3␣/␤ in the Pten Ϫ/Ϫ ;Akt Ϫ/Ϫ cells compared to those in the Pten Ϫ/Ϫ cells. Deletion of Akt-1 as well as Pten also changes the activities of several cell-deathrelated molecules, such as BAD and FKHR. BAD is the proapoptotic factor (12) which associates with the antiapoptosis molecule Bcl-2 to prevent Bcl-2-mediated antiapoptosis function. Phosphorylation of BAD by AKT prevents this association and shifts the apoptosis signal to antiapoptosis, thereby promoting cell survival (11) . We demonstrated that BAD phosphorylation is mainly dependent on AKT-1. When Akt-1 is deleted from Pten Ϫ/Ϫ ES cells, BAD phosphorylation is brought down to the basal level. Among the other AKT targets are the Forkhead transcriptional factors, such as FKHR/ FKHRL1 and AFX (7, 13, 20) . Recent studies of both Drosophila and mammalian cells have firmly established Forkhead family members as substrates of AKT. FKHR/FKHRL1 phosphorylation is increased in Pten Ϫ/Ϫ ES cells, but to a much lesser extent than that of BAD. When Akt-1 is deleted, all of these downstream targets of AKT are affected in parallel, including their response to growth factor stimulation, which appears to be highly dependent on the presence of AKT-1 in the cells. Although each downstream target responded to a different extent, all of them, including the ribosomal protein kinase S6K, demonstrated reduced stimulation by IGF-1 or serum compared to that for the Pten Ϫ/Ϫ cells. Growing evidence has drawn a connection between AKT and cell cycle progression, and yet the molecular mechanisms VOL. 22, 2002 AKT-1/PROTEIN KINASE B␣ AND PTEN IN TUMORIGENESIS 3849 underlying this connection were not completely elucidated. Using mouse ES cells lacking both alleles of the Pten gene, we showed that the level of G 1 cell cycle inhibitor p27 was downregulated. These ES cells also have increased AKT activity and a selective growth advantage compared to the heterozygous and WT cells (36) . In addition, deletion of another PIP 3 phosphatase, Ship, was also shown previously to result in activation of AKT (25) . Thus, AKT activation is a key phenomenon when PIP 3 levels are elevated in both Pten-and Ship-null cells. In either event, deletions of Pten or Ship generated hyperplasia and tumor phenotype (25, 36) . Recent discoveries of the AKT/ Forkhead pathway also indicate that AKT may regulate cell growth by regulating the key cell cycle inhibitor p27. Therefore, we investigated the role of AKT-1 at the G 1 /S transition, especially its role in regulating p27 and cyclin E/Cdk2. The level of change in p27 is correlated with phosphorylation of AKT in the different ES clones. Deleting Akt-1 as well as Pten was able to reverse the diminished p27 levels in Pten Ϫ/Ϫ clones. In addition, we also observed a decrease in the level of cyclin A, which controls S-phase, G 2 /M, and early M-phase progressions. Furthermore, when subjected to cell cycle analysis after mitotic arrest, the Pten Ϫ/Ϫ ;Akt Ϫ/Ϫ ES cells demonstrated significant delays in exiting mitosis compared to the Pten Ϫ/Ϫ or WT cells. This evidence brings up another level of regulation by which AKT may exert its function dependently or independently of PTEN and deserves future investigation. The G 2 /M cell cycle progression depends on the dephosphorylation and activation of cyclin B-cdc2. A number of phosphorylation-dephosphorylation events happen which lead to the final dephosphorylation of cyclin B-cdc2 and M-phase progression and eventually M-phase exit. One of the kinases in this cascade, Myt1, a Wee family member, was recently identified as a substrate for AKT (31) . This study may provide mechanistic support for our observation that deleting AKT-1 results in delayed M-phase progression-exit, though the exact target responsible for this phenotype needs further investigation.
In summary, two important processes in tumorigenesis, apoptosis and cell cycle control, are regulated by AKT. Deletion of Akt-1 as well as Pten was able to at least partially reverse the Pten-deletion-associated phenotypes observed in the ES cells. We demonstrated that deleting Akt-1 had a wide spectrum of impacts on Pten-knockout cells even though the deletion was not able to completely reverse the effect of the Pten knockout, partially due to other AKTs or parallel pathways which might be active during the growth of ES cells. Importantly, AKT-1 appears to regulate not only apoptotic pathways but also a number of checkpoints during the cell cycle, including G 1 /S transition and S-phase progression, as well as exit from mitosis.
